Abstract
The fraction nonconforming is a key quality measure used in statistical quality control design in clinical laboratory medicine. The confidence bounds of normal populations of measurements for the fraction nonconforming each of the lower and upper quality specification limits when both the random and the systematic error are unknown can be calculated using the noncentral t-distribution, as it is described in detail and illustrated with examples.
Introduction
The quality control (QC) in clinical laboratory medicine is based mainly on the control charts for variables. Although the fraction nonconforming is used in the control charts for attributes, it is also a useful quality measure related to various process capability indices (Pearn & Kotz 2006) . It is defined as "the ratio of the items nonconforming to the total number of items in a subgroup" (Juran et al. 1999 ).
The quality control design process (Hatjimihail 1992 ) is based on the quality specifications of the maximum total allowable analytical error, the upper acceptable bound for the fraction nonconforming, the lower acceptable bounds for the probabilities for the critical random and systematic error detection, and the upper acceptable bound for the false rejection (CLSI 2012; Linnet 1989 ).
It includes the following steps:
1. Estimation of the error of the measurement procedure based on a sample of n control measurements.
2. Calculation of the critical errors of the measurement procedure based on an upper acceptable bound for the expected fraction nonconforming the maximum total allowable analytical error quality specification. This bound is usually set equal to 0.10.
3. Definition of the decision bounds for the quality control rules based on the lower acceptable bounds for the probabilities for the critical errors detection and the upper acceptable bound for false rejection.
These steps are performed at typically one to three levels of the measurand.
Therefore, the expected fraction nonconforming is a key measure of the quality control design process. While this measure is routinely calculated in the clinical laboratories, very little attention has been given to its confidence bounds.
In general, for the quality control estimations in laboratory medicine it is assumed that the error of a measurement procedure is normally distributed with known mean and standard deviation. Usually in practice we only know the mean x and the standard deviation s of a sample of n control measurements at each of various levels of the measurand.
As both the systematic and the random error of the measurement procedure are unknown lower and upper bounds for the tail probabilities of the lower (x LSL ), and the upper (x USL ) quality specifications of the measurement x can be calculated with confidence level γ using the noncentral t-distribution (1987) , as described in detail in the Materials and Methods section.
Therefore, the purpose of this technical report is to introduce the noncentral t-distribution into clinical laboratory medicine and to describe its application for the calculation of the confidence bounds of the fraction nonconforming each of the lower and upper quality specification limits of populations of normal measurements in a clinical laboratory setting.
Materials and Methods
If Z a standard normal N (0, 1) deviate and V a chi-square deviate with v degrees of freedom, the distribution of the ratio is the noncentral t-distribution with ν degrees of freedom and noncentrality parameter δ.
The cumulative density function of a noncentral t-distribution with ν degrees of freedom and noncentrality parameter δ is defined as (Owen 1965 
where the 1, n T   has by definition a noncentral t-distribution with n-1 degrees of freedom and noncentrality parameter δ. According to the probability integral transformation (Qeuesenberry 2006 ) the random variable U is uniformly distributed over (0,1). Therefore,
is a decreasing function of δ we have
where  is estimated by the following equation:
Consequently, the upper bound with confidence level γ for the fraction non conforming the lower quality specification limit is calculated as It was assumed that a reference control material with a measurand with an assigned value of 100.00 units has been measured repeatedly by the measuring procedure and that the sample mean and standard deviation of the measurand were estimated from samples of 20 and 40 control measurements. It was also assumed that both the systematic and the random error of the measurement procedure were unknown and that the uncertainty of the assigned value of the measurand of the control material was negligible. The lower and upper confidence bounds for the fraction nonconforming each of the lower and upper quality specifications of the population of the measurements were calculated by the noncentral t-distribution as described previously.
The parameters of these calculations are presented in the 
Results
The results of the study are described in the following subsections 4.1 and 4.2. They are presented in the tables 2-5 and in the figures 1-8. They are also presented in the respective MATLAB © figures included in the supporting information file MATLAB_Figures.zip so that the data can be explored interactively in the MATLAB © environment. 
Fraction nonconforming the lower quality specification limit
Figures 1, 3, 5, and 7 present the expected fraction nonconforming the lower quality specification limit (surface II) and the lower (surface III) and upper (surface I) confidence bounds for the fraction nonconforming at a 95% confidence level versus the sample mean and the sample standard deviation. The confidence bounds were calculated using the noncentral tdistribution. It was assumed a known true value of the measurand of the control material equal to 100.00 measurement units. For the figures 1 and 3 it was assumed a total allowable analytical error equal to 0.10 while for the figures 5 and 7 it was assumed a total allowable confidence bounds for the fraction nonconforming at a 95% confidence level size of the sample of the measurements n = 40 total allowable analytical error taae = 0.20 parameters of the sample fraction nonconforming the lower quality specification limit fraction nonconforming the upper quality specification limit 
Fraction nonconforming the upper quality specification limit
Figures 2, 4, 6, and 8 present the expected fraction nonconforming the upper quality specification limit (surface II) and the lower (surface III) and upper (surface I) confidence bounds for the fraction nonconforming at a 95% confidence level versus the sample mean and the sample standard deviation. The confidence bounds were calculated using the noncentral t- The confidence bounds increase with the estimated systematic and random error of the measurements and decrease with the sample size and the total allowable analytical error.
Although there have been assumed samples with a positive systematic error, it can be easily shown that the bounds for the fraction nonconforming the upper quality specification limit for a systematic error se are equal to the respective bounds for the fraction nonconforming the lower quality specification limit for a systematic error -se. 
Discussion
In clinical laboratory medicine the fraction nonconforming besides being a quality measure related to various process capability indices, it is used for the definition of the critical errors during the QC design process. To estimate the fraction nonconforming the upper and lower quality specification bounds for the measurement error are needed. These are defined by the maximum total clinically allowable analytical error (Linnet 1989) .
As both the systematic and the random error of any measurement procedure are actually unknown, we can calculate the respective confidence bounds for the fraction nonconforming each of the upper and lower quality specification limits, using the noncentral t-distribution.
The calculation is mathematically complicated and computationally intensive. It is not possible to calculate the confidence bounds for the total fraction nonconforming either the upper or the lower quality specification limits, without additional assumptions (Owen 1965) .
The results of the study show that the difference of the confidence bounds for the fraction nonconforming from the expected fraction nonconforming is considerable for greater random and systematic errors and for smaller sample sizes, even when we assume an insignificant uncertainty of the assigned value of the measurand of the control material. Consequently it is considerable when the expected fraction nonconforming equals its acceptable upper bound that is usually set equal to 0.10. Therefore, the uncertainty of the calculation of the critical errors is considerable as well, as Gernand and Wojciechit have pointed out previously (Gernand 2006) . Accordingly, the uncertainty of the whole quality control design process is significant, even assuming a negligible uncertainty of the assigned value of the measurand of the control material.
Although it was assumed a reference control material with a measurand with an assigned value of 100.00, the tables and figures of this study can be used for the estimation of the confidence bounds for the fraction nonconforming for any measurand with any assigned value.
Conclusion
The confidence bounds for the fraction nonconforming are useful quality measures, as the expected fraction nonconforming is a key measure of the quality design process. The confidence bounds for the fraction nonconforming each of the upper and lower quality specification limits can be calculated using the noncentral t-distribution.
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